One of the most important characteristics of an airport is the length of its longest runway: that length determines the types of aircraft that can use the airport and provides a margin of safety for users. Arunway extension, therefore, would enhance the utility of many airports. But resources are scarce, and if funds are to be allocated at the state level, state officials need a method for determining which airports could best use a longer runway. Consideration of demographic factors enhances the traditional engineering analysis approach to runway evaluation. This combined approach is more consistent with the goals of comprehensive airport planning. This paper describes a model that uses regression analysis to compare
airports in Alabama, taking into account a number of different demographic factors and airport related factors. A linear regression model was used to evaluate how an airport's runway length compared to others around the state with similar characteristics. The residuals from the regressions were used to identify those airports with relatively short runways, considering their other characteristics. The regression analysis identified 22 of the 106 public-use airports in Alabama as having runways substantially shorter than their other characteristics would predict.
One of the most important characteristics of an airport is the length of its longest runway, because it will determine the types of aircraft that can use the airport and because longer runways provide a margin of safety for any aircraft using the airport (Ashford & Wright. 1979) . A short runway limits the usefulness of an airport and restricts the ability to accommodate the current corporate fleet. Many of the general aviation airports were designed and constructed 35 or more years ago. meeting the aircraft requirements of that day. For the most part the smaller community airport has not developed as fast as the population it is to serve. A runway extension, therefore. would enhance the utility of many airports.
There are some 5,598 general aviation airports and 568 general aviation and commercial airports in the United States. A recent study (National Association of State Aviation Officials [NASAO], 14 1988) estimated that $285 million (1988) (1989) in state funds were spent on state airport development projects. In many situations it appears that these funds are politically directed rather than proactively planned.
Resources are scarce and if state airport development funds are to be allocated effectively. state officials need a method for evaluating candidate airports that could best use longer runways. This paper describes a model that uses regression analysis to compare airports in Alabama. taking into account a number of different factors. The work described here is included in a larger study of general aviation airports in Alabama conducted for the State of Alabama. Department of Aeronautics. March 1987. With the results from this model. state officials can better evaluate proposals for runway extensions.
Factors determining the appropriate runway length can be divided into two general categories: demographic factors (Federal Aviation Administration [FAA], 1972) and airport related factors (Horonjeff & McKelvy, 1983) . In this paper 10 demographic factors are considered. including the population of the county where the airport is located. population in the immediate vicinity of the airport, population growth in the area, population density, and the number of nearby businesses, employees, and payroll. The paper also considers 23 airport factors, including the number of based aircraft and operations at the airport, services offered. and the locations of other airports. In certain geographical settings. it is important to consider the variation in airport elevations. runway gradient, and design reference temperatures. These factors do affect runway length. In Alabama the variation is represented by a narrow range and thus excluded from the analysis. For exar.lple. the design reference temperatures range from 89-94 degrees F. Another consideration can be the initial design function of the airport. For example, a few Alabama airports were initially built as military airfields and converted to public general aviation facilities. These tend to have longer runways than airports specifically designed and constructed for general aviation use. Additional variables can be added to the regression models as needed to accommodate a region's unique features.
A linear regression model was used to compare the lengths of the runways at general aviation airports around the state. Several regression equations were estimated with runway length as the dependent variable. One regression used all 32 independent variables; others used only demographic factors, airport data, or number of operations at the airport. The residuals from the regressions were used to identify those airports with relatively short runways, considering their other characteristics. The regression analysis identified 22 of the 106 publicuse airports in Alabama as having runways substantially shorter than their other characteristics would predict.
After the regression analysis is explained, the airports are examined in detail to determine why their runways are shorter than expected and to explain how the regression results can be applied to make a recommendation to lengthen a runway.
RUNWAY LENGTH AND AIRPORT UTILITY The usefulness of an airport is determined in large part by the length of its longest runway. A light, single-engine airplane can operate from a runway 2,000 feet long, but a heavy single-engine or multi-engine craft needs a runway of at least 3,000 feet. Although small jets can take off and land on 4,000 foot runways, larger jets require 5,000 feet or more. Runways of 10,000 feet are common at the major commercial service airports (FAA, 1983) .
These runway lengths are approximations. Under many circumstances, the aircraft described above could operate from shorter runways, even though a margin of safety would be lost. An experienced pilot, for example, would have no trouble landing a typical civilian training aircraft in 2,000 feet of runway, but the runway would probably be too short for a student pilot or a pilot who flies infrequently. The trade-off is clear. A longer runway will make an airport safer and more useful, but runway extensions are expensive. If runway extension projects are eligible for state airport development funds, state airport officials need a means of identifying those airports that would benefit most from longer runways. Examining length alone is insufficient: a 3,500-foot runway adequate for an infrequently used airport catering to singleengine traffic, would be a significant constraint for a community that has the potential for many operations involving larger aircraft, including jets. Any determination of the adequacy of a runway must take into account the economic and demographic characteristics of the community or region served by the airport and the use to which the airport is put (FAA, 1975) . These factors are taken into account in Runway Extension Planning Model conjunction with the runway engineering specifications required by the airport'S past designated Critical Aircraft.
Ideally, a state would compare its airports, taking into account the differences in their environments, and compile a list of those that could benefit most from runway extensions. Many airports could benefit from longer runways, but this paper presents the results of a regression model that identifies those with relatively short runways, taking other factors into account. The remainder of this paper explains how the analysis was undertaken for Alabama's airports.
METHOD· DATA USED IN THE STUDY Alabama has 106 public-use airports, as identified by Federal Aviation Administration (FAA) 1986 records. The FAA maintains a Form 5010-1, Airport Master Record, for each federally registered airport in the United States. This study analyzes all public-use airports in the state, including those that are privately owned, for which the FAA maintains a 5010-1 form. The study excludes military airports, heliports, and seaplane bases. Table 1 presents a list of the variables collected for each airport and used in the analysis. The first 10 are demographic variables that characterize the population that would use the airport.
The variable County is the population of the county in which the airport is located. Most counties in Alabama have only one airport, but a significant number (22 of 67) have more than one.~is the population of the primary city served by the airport. These data were ·15 2 obtained from the 1980 Census. PopSrv is the population served by the airport, which was determined by examining a map and matching small districts within a county to the nearest airport. The percent county population growth~was also taken from the 1980 U.S. Census.
The variable manufacturing employment (MfgEmp) was obtained from the Alabama 1985-86 Directory of Mining and Manufacturing. Every manufacturer was associated with the nearest airport, and the number representing employment was the sum of all employees in firms with over 100 employees. Firms with more than 100 employees are more likely than smaller firms to use aircraft in the course of their business. The number of employees thus determined provides one indication of manufacturing activity in an area.
The next three variables, county employment (CouEmp), the number of businesses (#Bus), and county payroll (Payroll), are additional indicators of business activity near the airport. These were taken from County Business Patterns, 1983, Alabama.
Manufacturing percent (MfgPet) is an indication of the percentage of county employment that is made up of manufacturers near an airport. Population density (PopDen), taken from the 1980 U.S. Census, is useful because an airport in a less densely populated area might be expected to have better facilities than one in a more densely populated area, where other airports would tend to be closer.
Taken together, these first 10 variables describe the population served by the airport and the type of business activity supported by that population. A larger population with more income would warrant better facilities to support aviation activity, so any study of runway length should take these two factors into account.
Variable 11 is RwyLen (runway length), which is the dependent variable. in the stUdy.
Variables 12 through 17, taken from the airport's FAA 5010-1 forms, describe the services available. An airport supporting air charter services, instruction, etc., will utilize a longer runway better than one without these services.
The next-four variables, 18-21, list by type the aircraft based at the airport. Again, more aircraft based at the field would indicate the demand for a longer runway. Multiengine and jet aircraft warrant greater runway length, so they are listed separately.
Variables 22-27 give the number of aircraft operations at a field, broken down by type of flight. The next two variables indicate whether the field has lighting for night operations and whether a control tower is located on the field. Variables 18-29 are also from the FAA 5010-1 forms.
An instrument approach helps a pilot land an aircraft in poor weather. A localizer or an instrument landing system (ILS) approach are two specific types of instrument approaches. Because of the inherent inaccuracy of the landing systems and the vast amount of pilot navigational inputs, these systems tend to be the most accurate and, therefore, the most desirable at a typical general aviation airport. These variables (Appch and LOC) are included because an airport equipped for operations in poor weather is a better candidate for a longer runway, other things being equal. Information for these variables is from NOS Approach Plates-the set of maps a pilot would use to fly the approach.
The final two variables indicate conditions that would tend to lessen the demand for a longer runway. The first (Nearby) indicates that another airport is nearby; the second (SecArot), that the facility being analyzed is a secondary airport for a nearby primary airport.
Variables indicating a certain condition are binary variables, taking on the value of -1-if the condition exists and -0-otherwise. The binary variables are 12-17 and 28-33 in Table 1 . For example, if flight instruction is available at an airport, the value of that variable would be given 1; if flight instruction is unavailable, the value of the variable would beO.
Each variable should be taken into account in determining the appropriate runway length for an airport. In the regression analysis these various factors interact to predid the airport's runway length, given its other characteristics. A comparison of actual to predicted runway length will identify those airports with shorter than expected runways, given the characteristics of the communities they serve and the air traffic that uses the airport.
THE REGRESSION ANALYSIS
The regression analysis uses runway length as the dependent variable and combinations of the other variables as independent variables. A regression analysis ratio in the first estimation is significant, but lower than the others. This indicates a poorer fit due to the large number of insignificant variables.
The first, the full model, used all other variables as independent variables, and the coefficients are reported under the column labeled All Variables.
Running a regression analysis with all independent variables will explain the greatest amount of variation in runway lengths. Multicollinearity does exit in the full model. However, if one is primarily interested in the prediction of runway length rather than interpretation of the individual effects of the independent variables, multicollinearity should present no problem (Mendenhall, et al., 1986) . Therefore, despite the model's multicollinearity, the result of the All Variables regression model is a source of useful information.
The next column, Selected Variables, in Table 2 presents the results of a stepwise regression procedure starting with all 32 independent variables to simplify the full model.
Eliminating variables that contain similar information (highly interrelated variables, e.g., the multiple population variables) and those exhibiting low levels of significance emphasizes the more important variables. Twenty-six variables were dropped from the full model to produce the simplified model. Table 2 shows that the demographic variable included in the Selected Variables model is (%Pop) the percent population growth of the county in which the airport is located. Although %Pop was significant at the Q<.05Ievel in the All regression, its significance fell as indicated by a lower I-value. The %Pop variable's sign is negative, which could be interpreted as meaning that counties experiencing lower population growth were associated with longer runways (typically rural low population density regions).
Three variables describing airport services were included in the equation: availability of charter services (Charter), flight instruction (Inst) , and the existence of a control tower aw. An airport that provides charter services is associated with a runway 620 feet longer than one without such a service; the existence of flight instruction suggests a runway 760 feet longer than one without such a service; the existence of a control tower, however, is associated with a runway more than 1,725 feet longer.
The Inst variable is good for illustrating that correlation does not mean that one variable necessarily causes another. For example, having a fixed base operation (FBO) on the field to supply flight instruction might encourage the airport owner to lengthen the runway, so flight instruction could affect runway length; but the causation could run the other way, too. FBOs might choose to locate at airports with longer runways. The causation could run either way, or another variable might be the main factor causing the correla-tion. Fixing causation is important when trying to draw policy implications.
Note that the estimated coefficients tend to be more accurate in the Selected regression than in the All regression because of the probability of multicollinearity among the variables. For example, an airport that supports a repair facility also tends to have fuel available, and air charter is often associated with a firm that supplies rental and instructional services.
The multicollinearity is true with based aircraft; if multiengine aircraft are based at a field, single-engine aircraft are likely to be based there also. The Selected regression includes only the multiengine category. This type of aircraft is most likely to utilize a longer runway. The MEBase variable indicates that a runway tends to be 55 feet longer for each multiengine aircraft based there, and the variable is significant at better than the Q<.01 level.
The final variable included, SecArpt, indicates whether the airport is a secondary airport in the area. If it is the runway would be expected to be 1,249 feet shorter.
Dropping variables out of the initial equation to estimate the Selected regression lowered the explanatory power somewhat. The B Square in this equation is .627; in the initial All equation it was .813. While the Selected equation may be more desirable in some ways, the additional explanatory power of the initial equation suggests evaluating both equations to consider runway length.
Three other regression equa- Significant at better than the .01 level.
NOTE:
The !-values are shown in parentheses. See Table 1 for a description of the variables. tions were also estimated, using a stepwise procedure to look at particular factors affecting runway length. The column headed Demographic Variables includes demographic factors only in estimating runway length, the column headed Airport Variables includes only airport characteristics, and the column headed Operational Variables includes only operations into and out of the field. These equations can be useful if one wants to isolate 20 those particular characteristics. For example, how long would the airport's runway be, if only the demographic characteristics of the area or the number of operations at the field were considered? The coefficients are not discussed in detail here, but the reader can evaluate them in Table 2 . The regressions were included in order to compare the predictions based on all factors with those based on demographic, airport, and operations factors. Even if an a~rport is expected to have a longer runway based on demographic considerations, but not on the operations at the field, a longer runway might not be warranted.
Of course, the airport might be under-utilized precisely because its runway is too short. Thus all factors should to be taken into account; obviously, the set of five regressions will supply more information than anyone regression.
ANALYSIS

Uslna the Residuals for Predicted Runway Length
If actual runway length is compared to the runway length predicted in the regression equations, airports with shorter than predided runways can be identified. Subtracting the predicted length from the actual length gives the residual in the regression; these are reported in Table 3 . Negative residuals indicate a predicted runway length in excess of the actual runway length. Therefore, a negative residual is an indication that a longer runway would be expected at the airport.
The residuals in Table 3 are reported to the nearest foot. Looking at airport number 6, for example, Wilson Field would be predicted to have a runway 753 feet longer than its actual length based on all of the variables, 319 feet shorter based on the selected variables, 1,547 feet longer based on the demographic variables, 92 feet longer based on the airport variables, and 1,548 feet longer based on the number of operations.
The residuals must be considered within the context of other information about the airport, but some discussion is warranted to see how they might be applied. Using a threshold of 500 feet on the residuals, three of the five equations in Table 3 suggest a longer runway at Wilson Field. The longer runway would be expected on the basis of all variables, demographics, and the number of operations at the airport. The Airport residual, however, suggests the runway length is close to appropriate, and the Selected residual suggests that the runway is too long by more than 319 feet. The mixed evidence from the statistical analysis does not support a runway extension for Wilson Field. Table 3 reports 22 airports in which the residual is above the threshold (that is, the residual is less than -500) in every regression equation or in every equation but one. Eight have residuals below -500 in all equations, and another 14 have Runway Extension Planning Model residuals beyond the threshold in all but one of the regressions. These airports are candidates for further examination for possible runway extensions.
Another 16 airports exceeded the threshold in the demographic regression, and 11 more exceeded the -500 foot threshold in the selected variables equation. Further examination of these airports revealed that some are secondary airports, so that longer runways are readily available to aircraft requiring them. Although more detailed analysis is needed to actually recommend a runway extension, the statistics provide a guideline for identifying airports that have a shorter runway than would be expected, so warrant further examination. Table 4 lists the 22 airports with residuals below -500 in all or all but one of the estimations. The numbers associated with the airports are the numbers from Table 3 . The next section discusses a few of the airports named in Table 4 to show the reader how the model results can be used. Further Analysis A closer examination of the airports listed in Table 4 reveals that 12 of the 22 listed are privately owned airports. The privately owned airports are Lucky, Flomaton, Ray, Madison Sky Park, Huntsville-Lacey, Ware Island, Sky Harbor, Ardmore, Valley, Jacksonville, Martin, and Huntsville North. Extending the runway at any of these or at publicly owned airports in that area might be feasible unless a nearby airport has a longer runway. Any recommendation would require further analysis. For example, in Lanett the Valley Airport's runway is 2,950 feet, at least 772 feet shorter (and sometimes more than 1,893 feet shorter) than predicted in the regression equations. These statistics alone suggest a runway extension. But circumstances not reflected in the statistics must be considered. First, that the field is privately owned is not an argument against a runway extension, but it complicates the State's role. Second, because the runway is in a bend in the Chattahoochee River an extension would be almost impossible. Third. the publicly owned Lanett 24 Table 4 Airports with Short Runways According to Regression Results Airport Name runway of 3,150 feet exceeds the -500 foot threshold in two of the regressions, combining the statistical information on the two airports with other factors suggests that a runway extension would be more feasible at the Lanett airport than at the Valley airport. The point is that, to arrive at policy recommendations. other factors must be considered along with this statistical information. The analysis suggests where action might be desirable.
For some airports, the information from the statistical analysis can be used to confirm the desirability of extending a runway. For example, the management of the Auburn-Opelika airport (Table 3 , airport number 56) would like to extend a 4,OOO-foot runway to accommodate larger aircraft. The statistical analysis shows that when the airport, operational, and demographic characteristics are taken into account. the runway is shorter than would be expected. One would not want to extend a runway solely because of this statistical analysis, but it is comforting to find out that the statistical analysis confirms that this airport which wants a longer runway appears to be a candidate when considering its demographic and airport characteristics relative to other airports around the state.
Ukewise. data that suggests a runway is relatively long compared to others in the state need not preclude an extension. If an airport operator wants to extend a runway, state officials should consider the data but be able to identify special circumstances that might make an even longer runway desirable. In short. the statistical analysis is the basis for recommendations: it can only show how a particular airport compares to others around the state. Officials can use the comparison along with other information to decide whether to extend a runway.
In the complete technical report from which this paper is developed, the regression analysis and other information about Alabama airports were the basis of a recommendation to consider runway extension at nine airports. The Auburn-Opelika airport described above is representative of an airport for which the regression analysis confirms that a runway extension would be desirable.
Other Applications
The preceding sections have illustrated how a regression model can be used to identify airports with runways shorter than would be expected. In the larger report being made for the State. the same type of model was used to look at other factors as well. The availability of repairs at the airport was used as the dependent variable in similar analysis in order to identify airports without repair facilities where they would have been JAAER, Winter 1992 expected. Only one airport. Brewton (number 87 in Table 3 ) was identified as a strong candidate for a repair facility in this regard. Although the State may not be interested in taking an active role here, the analysis did identify a possibility for local development.
An instrument approach aids aircraft landing during poor weather. conditions and at night. The existence of an instrument approach was also used as the dependent variable in a regression analysis to identify five airports that would have been expected to have instrument approaches. Many states fund. own. and operate. instrument approaches as well as other navigational aids (NASAO. 1988) . Information from the analysis could aid in the identification of candidate airports for possible instrument approach installations.
In another regression. based aircraft was used as the dependent variable in similar analysis. Three airports were identified as having fewer aircraft than expected by two standard deviations, and two had more than expected. Airports with fewer aircraft than expected could be candidates for development. Those with more than expected could perhaps be used as models for expanding underdeveloped airports.
The previous sections of the paper described in detail how runway length can be analyzed with a regression model. Undoubtedly this type of analysis could be adapted to other transportation issues as well. such as channel depth of waterways and number of lanes of traffic in an urban beltway.
Runway Extension Planning Model
CONCLUSION
This paper has reported the method and results of a study evaluating the length of runways at airports in Alabama. Using runway length as the dependent variable. a collection of independent variables describing the airport characteristics and demographic characteristics of the area surrounding the airport was used to predict runway length. The residuals from the regressions were examined in order to identify airports with runways that were shorter than expected. The regression analysis identified 22 airports that could be candidates for longer runways. Of those 22. a further analysis. only partly described in the paper. led to a recommendation that 9 airports be considered for runway extensions.
Regression analysis was used to evaluate other airport characteristics as well, such as the existence of a repair facility at the airport and an instrument approach. The method used here can be applied to other types of transportation to identify facilities that are candidates for development. taking into account a large number of factors at similar facilities.
Aviation capital investment decisions are theoretically justified by some form of a benefit-cost analysis to support the project's feasibility. The Federal Aviation Administration published a model guide in 1982 (FAA. 1982 to provide a systematic approach to answering economic questions for federal aviation projects. An evaluation (McLeod. 1984) found that the guide is not generally used. The authors' experience also suggests that a large proportion of state aviation development projects are undertaken without the support of a benefit-cost evaluation.
One reason benefit-cost analysis may not be universally used is that a state's decision to spend money can depend more upon the availability of funds than upon an assessment of need. If no money is available for runway extensions, then none will be undertaken regardless of the desirability of extensions; conversely, if money is available, government will tend to spend it.
Allocation of funds is often based on political pressures rather than on analytical findings. The analysis undertaken here can help identify airports that could benefit most from a runway extension. Because the methodology simply compares airports and identifies those that have relatively short runways considering the. populations they serve, no conclusions can be drawn about cost-effectiveness of extending a runway. This analysis simply identifies airports with relatively short runways when taking into account the air traffic and community characteristics they serve. However, if state or federal funds are available for runway extensions in a state, this type of analysis is very appropriate because it can help identify those airports with the greatest relative need. It is not a substitute for benefit-cost analysis, but rather a complement that can help identify those airports at which the net benefits from runway extension would be the greatest.
